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Abstract 
The optimum share of PV and Solar thermal in combination with air sourced heat pumps or ground water heat pumps is 
determined for multi-family passive houses depending on the demand for heating and domestic hot water. Starting with an actual 
project, Innsbruck Vögelebichl the optimum configuration is determined by means of simulation. More general results are 
derived by virtually changing the number of storeys. Results are investigated with respect to energetic and economical aspects. 
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1. Introduction 
With the recast of the European building directive [1] the path to nearly zero energy buildings has been defined. 
Three aspects are addressed:  a) New buildings will have a very high energy performance, b) the remaining very low 
energy demand will be provided to a very significant share by renewable energies and c) cost-optimal levels for 
minimum energy performance are requested.  
 
 
* Corresponding author. Tel.: +43 512 63603; fax: +43 512 2901. 
E-mail address: Fabian.Ochs@uibk.ac.at 
  he Authors. Published by Elsevi r Ltd. 
l ti  and pe r review by the scientific conferenc  committee of SHC 2013 under responsibility of PSE AG 
 Fabian Ochs et al. /  Energy Procedia  48 ( 2014 )  1124 – 1133 1125
Hence, buildings with a very high energy performance, such as passive houses, have to be supplied with a 
significant amount of energy from cost-effective renewable energy sources. Ground coupled heat pumps in 
combination with PV, solar thermal combined with heat pump and compact heat pump systems which have been 
developed and brought to market in a high variety are promising concepts (e.g. [2],[3]). 
 
Nomenclature 
COP Coefficient of Performance 
DHW Domestic Hot Water 
EPBD Energy Performance for Buildings Directive 
FC Flat plate collector 
MFH Multi Family House 
PH Passive House 
PV Photovoltaic 
ST  Solar Thermal 
2. Project Innsbruck Vögelebichl – Passive House with net-zero energy balance 
In the present study for a passive house project in Innsbruck (two multi-family houses with together 26 flats, 
Innsbruck Vögelebichl, NHT Tirol, see Fig. 1) the optimum share of photovoltaic (PV) and solar thermal (ST) is 
determined for the given boundary conditions.  
 
 
 
 
Fig. 1. West view of the two multi-family houses in Innsbruck Vögelebichl, NHT Tirol; two multi-Family PHs with ground water heat pump and 
PV (and opt. ST for DHW) with 4 pipe distribution system, low temperature system and fresh water modules in each flat (src: NHT) 
One roof of the multi-family houses is covered by PV only (16 KWp). The other roof space is partly used for PV 
and partly for solar thermal (ST). The primary energy demand is determined for different shares of solar thermal 
collectors with regard to the maximum available unshaded roof space. Two ground water sourced heat pumps are 
used for covering the remaining heating and DHW demand, respectively. Table 1 summarizes technical details of 
the two multi-family houses in Passive house standard. 
The aim of the project is to achieve a net zero energy balance for heating and domestic hot water including 
auxiliary energies but excluding household electricity. There are project and site specific aspects, which are: 
x Building optimized to Passive House standard on basis of an already existing suboptimal draft 
x Technical room (heating central) in north building with ground water heat pump (no technical room in south 
building) 
x No solar thermal on south building due to missing technical room 
x Very good conditions for ground water heat pump (Inn valley)  
x Two connected underground parkings where the heat distribution pipes are installed  
x Domestic hot water preparation with fresh water modules (53 °C flow temperature) 
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x Floor heating optimized to very low flow temperatures (28 °C) 
x Very efficient heating and domestic hot water distribution (highly insulated pipes, minimum possible pipe length) 
x Inner city location in the neighbourhood of the airport limiting height of the building and slope of the PV 
modules and ST collectors and requiring increased sound insulation  
x Shading of horizon (mountains) and of building (attic, elevator shaft) 
x Requirement for non-visible PV and ST 
Table 1. Technical data MFH project Vögelebichl 
 north south 
number of flats 16 10 
number of persons 2.5 Persons/flat 
treated area 1269.8 m² 818.8 m² 
heating demand 13.5 kWh/(m² a) 17.0 kWh/(m² a) 
heat load 12.0 W/m² 13.9 W/m² 
domestic hot water demand 25l/d/P @ 60 °C (energy equivalent) 
PV system size variable 16 kWp 
Due to these several project and site specific aspects, transferability of the results is limited. Therefore, the 
calculations are additionally performed with a virtual building based on the north building (see section 
5.Generalization of the study). 
3. Problem definition and methodology 
The objective of the work is the minimization of the non-renewable residual energy demands of buildings for 
heating and domestic hot water including auxiliary energy or the maximization of surplus PV electricity. The 
minimization of the residual energy demand considering economics corresponds to the aims of the EPBD recast (the 
most economical measures to achieve minimum CO2 emissions). In such a calculation several aspects have to be 
considered: 
x Share of heating demand and domestic hot water demand (if delivered with different flow temperatures, e.g. 
heating 28…35 °C and hot water at 50…60 °C) 
x Distribution and storage losses 
x Performance of heat pump depending on heat pump source and operation conditions i.e. source and sink 
temperatures 
x Yield of solar thermal system depending on collector quality, slope and system size (solar fraction) considering 
available unshaded area 
x PV-system efficiency considering inverter technology (e.g. string inverter) and in particular shading (horizon, 
building, self-shading) with regard to available roof area 
x Mismatch between energy demand and availability of renewable energy 
 
The use of grid as a storage for PV electricity is not yet a limiting factor, but will be in the near future and as a 
consequence should be considered in such an analysis.  
The results of the calculation are the electricity demand and the primary energy demand for heating and domestic 
hot water including auxiliary electricity (but excluding household electricity such as appliances, lighting, etc. in this 
study).  Moreover, the difference between PV generated electricity and electricity demand is calculated resulting 
surplus PV electricity or residual energy demand, correspondingly.  
Calculations are performed with a new heat pump calculation programme available in PHPP 8 ([4],[5]). Cross-
validation was performed against simulation results of Matlab/Simulink with the CARNOT Blockset [6]. The 
comparison of the results between the simulation models in Matlab/Simulink and PHPP shows good accuracy. 
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4. Results for the project Vögelebichl 
By means of a simulation study the share of PV (max 19 KWp, in case of 0% ST) and solar thermal collectors is 
varied (see Fig. 2 a) in order to determine the maximum possible energy yield considering PV and ST system 
efficiencies including heat pump performance and distribution losses. Six variants of using the available area of the 
roof for photovoltaic (PV) and solar thermal (ST) are calculated: 1: 0% ST (= 100 %  PV = 19 kWp), 2: 19% ST, 
3: 32% ST, 4: 61% ST, 5: 80% ST, 6: 100% ST (= 140 m² = 0 % PV). Solar thermal assisted heating is not 
considered since generally is hardly effective for passive houses. The technical details and boundary conditions are 
summarized in Table 2. 
Table 2. Technical data of HVAC components and boundary conditions 
air-water heat pump COP = 3.9 (2/35) 
water-water heat pump COP = 4.4 (0/35) 
solar collector flat plate collector  (K0 = 85%) 
buffer storage 25 l/m²FC 
PV module polycrystalline silicon,Kpeak = 15.4 %) 
inverter String inverterK= 98 %) 
auxiliary energy 5 W + AFC .5 W/m²FC 
climate Innsbruck (Meteonorm) 
In Fig. 2 (b) top the electrical demand for heat pump and auxiliary devices and the PV yield is plotted vs. the size 
of the solar thermal system (100 % corresponds to 140 m²). At 100 % ST, the PV electricity yield is about 
14 MWh/a delivered from the roof of the south building (16 kWp, see Table 1.) and is about 31 MWh/a if both roofs 
are used for PV only (0 % ST).  
 
a 
 
b 
 
Fig. 2. (a) Variants of sharing the roof between PV (illustrated) and solar thermal; 1: 0% ST, 2: 19%, 3: 32%, 4: 61%, 5: 80%, 6: 0%, (100 %  
corresponds to 140 m²FC); (b) Electricity Demand for Heat Pump and Auxiliary Energy and PV yield as a function of the size of the solar 
thermal system, The maximum difference between yield and demand 'E is at about 30 % corresponding to 50 m²FC     
The difference ('E) of PV electricity yield and electricity demand (Fig. 2 (b) bottom) shows an energetic 
optimum at about 30 % of the maximum usable roof space i.e. 42 m2 ST or 0.65 m2 ST per person. This corresponds 
to a solar fraction of 39 % related to the domestic hot water demand and 23 % related to the heating and domestic 
hot water demand, both including storage and distribution losses. 
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5. Generalization of the study 
Calculations are performed using the north building as an example, see Fig. 3 (a). The investigation is performed 
again for a ground water heat pump and additionally for an air-sourced heat pump. By virtually changing the 
number of storeys better transferability of the results can be achieved and a generalization of the findings is enabled. 
The roof area and thus the available area for PV and ST remain constant, whereas the heating demand and the 
domestic hot water demand change with increasing number of storeys. The virtual extension is performed such that 
between ground floor (GF) and attic floor (AF) identical intermediate storeys (IS) are inserted. Hence, with 
increasing number of intermediate storeys the specific heating demand decreases (see Fig. 3 (b)). Alternatively, we 
could assume that the building is designed to always match Passive House standard with correspondingly adapted 
insulation thickness. In this case the share of domestic hot water demand and heating demand would remain rather 
constant, see Fig. 3 (b). The specific DHW demand slowly decreases due to relatively decreased distribution and 
storage losses.  
  
a b 
Fig. 3. (a) Virtual extension of the north building by inserting identical intermediate storeys; (b) specific domestic hot water demand and specific 
heating demand depending on the number of intermediate storeys and PH standard for comparison (all related to treated area) 
The assumption of reduced heating demand with increasing number of storeys seems justified, since at least at 
most European climates a two-storey building in Passive House standard is economical. For multi-storey buildings 
even better standard would be also economical [7]. Hence, with these assumption the share of domestic hot water 
demand increases with increasing number of storeys influencing the seasonal performance factor of the heat pump 
(operation at higher temperatures leads to poorer performance). 
6. General results 
The solar fraction related to domestic hot water demand including losses for storage and distribution is plotted vs. 
the share of solar thermal with the number of storeys as parameter in Fig. 4. Note that for the case of 2 storeys and 
100 % ST or 140 m² of collector area (corresponding to 6 m²/person) the solar fraction of 100 % is rather theoretical. 
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Fig. 4. Solar fraction fsol = QSolar/(QDHW+QLosses) as a function of the share of solar thermal (% ST) with number of storeys as parameter    
The seasonal performance factor (SPF) of the ground water heat pump Fig. 5 (a) und of the air sourced heat pump 
Fig. 5 (b) are increasing with the share of solar thermal and decreasing with the number of storeys, which can be 
explained with increasing share of heating which is delivered at lower temperatures (28 °C flow temperature) . As 
expected the SPF of the ground water heat pump is with values between 4 and 5.7 significantly higher than that of 
the air sourced heat pump (3 to 3.7). 
 
a 
 
b 
 
Fig. 5. Seasonal performance factor (SPF) of ground water heat pump (a) and air sourced heat pump (b) as a function of the share of solar thermal 
(% ST) with number of storeys as parameter. SPF includes auxiliary devices. 
The resulting electricity demand of the heat pump including auxiliary energy, for covering both heating and 
domestic hot water demand, is shown in Fig. 6 (a) and Fig. 6 (b), for the ground water and the air sourced heat 
pump, respectively. Additionally, the PV yield for the different shares of solar thermal is plotted. In case of 100 % 
PV (or 0 % ST) the electricity produced by renewable sources (PV) is about 16 MWh/a. 
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a 
 
b
 
Fig. 6. PV electricity generation (red dashed line) as well as electricity demand (Wel) of ground water heat pump (a) and air sourced heat pump 
(b) each including auxiliary energy as a function of the share of solar thermal (% ST) with number of storeys as parameter    
A share of 50 % ST (corresponding to 70 m²) results in PV excess electricity for up to 6 storeys in case of the 
ground water heat pump and up to 4 storeys in case of the air sourced heat pump. 100 % ST always results in a net 
electricity demand (recall that only solar hot water preparation is considered) and can therefore not be 
recommended. The optimum share of solar thermal is determined as maximum surplus electricity or minimum 
residual electricity demand, respectively, see Fig. 7. For the ground water heat pump and 2 storeys the optimum is 
about 50 % ST with dominating domestic hot water and for 8 storeys with dominating heating demand it is 0 % ST. 
In the case of an air sourced heat pump higher share of ST is recommended (about 20 % for 8 storeys and 60 % for 
the 2 storey building).  
a 
 
b
 
Fig. 7. Difference of PV electricity generation and electricity demand (Wel) as a function of the share of solar thermal (% ST) with number of 
storeys as parameter    
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7. Economic analysis 
The capitalized costs are calculated for the different variants (share of ST) according to VDI 2067 [8]. Different 
scenarios with the following assumptions and boundary conditions are considered: the period under review is 20 
years, nominal interest rate is 3 %, investment costs and electricity price see, Table 3. 
Table 3. Scenarios for system investment costs for solar thermal (ST) and photovoltaic (PV) and electricity price (including VAT) 
 Invest ST Invest PV electricity price 
low 400 … 200 €/m² 1000 €/kWpeak 0.05 €/kWh 
medium 600 … 400 €/m² 1500 €/kWpeak 0.20 €/kWh 
high 800 … 600 €/m² 2000 €/kWpeak 0.35 €/kWh 
There is a certain probability that the price of electricity will be volatile in future with in particular daily 
fluctuations (depending on the availability of renewables such as wind and solar) and seasonal varieties (availability 
of solar). This is taken into account by the variation of the price of electricity in the range between 0.05 €/kWh or 
0.20 €/kWh (selling) and 0.20 €/kWh or 0.35 €/kWh (buying). 
Different scenarios for the investment cost depending on the share of solar thermal (%ST) are presented in Fig. 8. 
The investment costs of ST are assumed to decrease linearly with increasing size of the system. The slightly 
increasing installation costs with increasing number of storeys (e.g. due to high piping effort) are assumed to be 
negligible in this study (see Table 3). In all cases, the use of a solar thermal leads to increased investment costs. In 
two scenarios, i.e. high investment costs for PV (2000 €) and medium for ST (600 €) as well as low investment costs 
for both (PV 1000 €, ST 400 €), higher shares of solar thermal lead to decreasing investment costs. 
 
Fig. 8. Total investment costs as a function of the share of solar thermal (% ST) for five different scenarios (low both, low PV-medium ST, 
medium both, high PV-medium ST,  high both) 
 
In the following three scenarios are discussed exemplarily: 1) medium investment costs and medium electricity 
prices see Fig. 9 top, 2) low investment cost and high electricity prices, see Fig. 9 centre and 3) low investment costs 
and volatile electricity prices (0.35 €/kWh for purchased electricity and 0.20 €/kWh for sold electricity), see Fig. 9 
bottom. 
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a b 
 
 
 
Fig. 9. Capitalized costs for (a) ground water heat pump and  (b) air sourced heat pump for top mean invest costs and low electricity price, center 
low invest costs and high electricity price and bottom low invest costs and volatile electricity price (0.2 €/kWh sale, 0.35 €/kWh buy) 
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While ST shows advantages over PV from the energetic point of view, in case of a ground water heat pump ST is 
not economical unless volatile electricity prices are assumed. In case of air-sourced heat pump ST shows rather 
economic benefit. However, invest costs of ST have to be reduced drastically compared to current market prices in 
order to be competitive. For an air sourced heat pump relatively small ST systems 19% ST (=26.6 m²) for 4 to 5 
storeys and 32% ST (=45 m²) for 7 and 8 storeys are recommendable. Expecting upcoming very low electricity 
prices in summer (e.g. 0.05 €/kWh), ST would show significant advantages. However, if electricity for appliances is 
additionally considered, results are again in favour of more PV (due to higher in-house consumption). 
8. Summary and conclusions 
For a real project, two multi-family houses in Innsbruck, Austria, the solar and heat pump system has been 
optimized considering onsite PV electricity generation. Originally, objective of the investigation was to achieve net-
zero heating for the multi-family houses in passive house standard with optimized heating system. 
A generalization of the results is obtained by virtually extending the north building by identically constructed 
storeys as well as by variation of the type of heat pump (ground water and air sourced heat pump). In addition to an 
energetic optimization an economic analysis is performed. 
Whereas an optimization towards net-zero-energy or plus-energy would lead to misleading results (a one storey 
house will be rather a plus energy house than a multi-storey building), the minimization of the residual energy 
demand under consideration of economics is in correspondence to the aims of the EPBD recast which requests the 
most economical measures to achieve maximum reduction of CO2 emissions. In such an optimization the yield of a 
solar thermal system including storage and distribution losses is compared to that of a heat pump system powered by 
PV. The storage of PV generated electricity is not yet a limiting issue (grid as quasi-storage) but will be a subject in 
future and, consequently, should be addressed. The mismatch between (electricity) demand and PV yield is 
considered by means of different electricity prices (purchase and sell). 
Simulation results indicate that small solar thermal systems (with a solar fraction in the range of 20 %) are 
generally favorable compared to PV from the energetic point of view. For air-sourced heat-pumps with commonly 
lower SPF larger solar thermal system are beneficial. The economics strongly depends on the development of the 
PV system costs. Trends indicate advantage of PV over ST even if slightly volatile electricity prices (i.e. seasonal 
fluctuation) are considered. The system complexity increases in case of solar and heat pump systems. Hence, for a 
decision for or against ST it should be considered that the maintenance effort might be over-proportional high for 
small ST systems. 
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